Ionotropic glutamate receptors of AMPA, NMDA, and kainate receptor (KAR) subtypes mediate fast excitatory synaptic transmission in the vertebrate CNS. Auxiliary proteins have been identified for AMPA and NMDA receptor complexes, but little is known about KAR complex proteins. We previously identified the CUB (complement C1r/C1s, Uegf, Bmpl) domain protein, Neto1, as an NMDA receptorassociated polypeptide. Here, we show that Neto1 is also an auxiliary subunit for endogenous synaptic KARs. We found that Neto1 and KARs coimmunoprecipitated from brain lysates, from postsynaptic densities (PSDs) and, in a manner dependent on Neto1 CUB domains, when coexpressed in heterologous cells. In Neto1-null mice, there was an ϳ50% reduction in the abundance of GluK2-KARs in hippocampal PSDs. Neto1 strongly localized to CA3 stratum lucidum, and loss of Neto1 resulted in a selective deficit in KAR-mediated neurotransmission at mossy fiber-CA3 pyramidal cell (MF-CA3) synapses: KAR-mediated EPSCs in Neto1-null mice were reduced in amplitude and decayed more rapidly than did those in wild-type mice. In contrast, the loss of Neto2, which also localizes to stratum lucidum and interacts with KARs, had no effect on KAR synaptic abundance or MF-CA3 transmission. Indeed, MF-CA3 KAR deficits in Neto1/Neto2-doublenull mutant mice were indistinguishable from Neto1 single-null mice. Thus, our findings establish Neto1 as an auxiliary protein required for synaptic function of KARs. The ability of Neto1 to regulate both NMDARs and KARs reveals a unique dual role in controlling synaptic transmission by serving as an auxiliary protein for these two classes of ionotropic glutamate receptors in a synapse-specific fashion.
Introduction
Pharmacological, biophysical, and molecular studies indicate three principal classes of ionotropic glutamate receptors: AMPARs, NMDARs, and kainate receptors (KARs). AMPARs mediate the majority of rapid glutamatergic transmission, while NMDARs are recruited with increased neuronal activity through relief of voltage-dependent Mg 2ϩ blockade, allowing them to serve as coincidence detectors to gate synaptic plasticity induction (Traynelis et al., 2010) . The roles of KARs in synaptic transmission are less well understood and largely depend on their subcellular localization. In presynaptic terminals, KARs modulate neurotransmitter release to regulate presynaptic forms of plasticity (Contractor et al., 2000 (Contractor et al., , 2001 Kamiya and Ozawa, 2000; Schmitz et al., 2001) . At postsynaptic sites, KARs yield synaptic currents of small amplitude with slow decay kinetics (Castillo et al., 1997; Vignes and Collingridge, 1997) and have also been found to act as metabotropic receptors that regulate neuronal excitability (Melyan et al., 2002; Fisahn et al., 2005; Ruiz et al., 2005) . KARs are tetrameric ion channels formed by the combination of five subunits: the low-affinity GluK1, GluK2, and GluK3 subunits (Egebjerg et al., 1991; Sommer et al., 1992; Schiffer et al., 1997) ; and the high-affinity subunits GluK4 and GluK5 (Werner et al., 1991; Herb et al., 1992) . In the hippocampus, KARmediated EPSCs have been characterized at both mossy fiber-CA3 pyramidal cell (MF-CA3) (Castillo et al., 1997; Vignes and Collingridge, 1997; Mulle et al., 1998) and Schaffer collateral inputs onto CA1 interneurons (Cossart et al., 1998; Frerking et al., 1998; Bureau et al., 1999) . At MF-CA3 synapses, postsynaptic KARs composed of GluK2/GluK5 and GluK2/GluK4 heteromers (Petralia et al., 1994; Contractor et al., 2003; Darstein et al., 2003; Ruiz et al., 2005; Fernandes et al., 2009 ) mediate a small slow component of the EPSC (Castillo et al., 1997; Vignes and Collingridge, 1997) . The long decay time constants observed for KAR-EPSCs at these synapses are similar to those described for heteromeric GluK2/GluK5 KARs but differ from the faster decay kinetics of recombinant GluK2 homomeric KARs (Barberis et al., 2008) , thus highlighting the contribution of different subunits to the biophysical properties of KARs.
A number of proteins have been shown to associate with KARs (Mehta et al., 2001; Coussen et al., 2002; Hirbec et al., 2003; Coussen et al., 2005; Laezza et al., 2007) , some of which have been implicated in regulating receptor kinetics (Bowie et al., 2003; Garcia et al., 1998; Zhang et al., 2009) . Indeed, the CUB domaincontaining protein Neto2 has recently been found to prolong the decay kinetics and increase the glutamate-evoked currents of recombinant GluK2 homomeric KARs in heterologous cells (Zhang et al., 2009 ). Neto1, a close homolog of Neto2, has also been shown to enhance glutamate-evoked currents of GluK2 homomeric KARs, though to a much lesser extent than does Neto2 (Zhang et al., 2009 ). In the brain, Neto2 can interact with KARs (Zhang et al., 2009 ), but the roles of either Neto1 or Neto2 in regulating the function of native, synaptic KARs, many of which are the GluK2/GluK5 heteromeric subtype (Petralia et al., 1994) , are still unknown. Here, we report that Neto1, like Neto2, also associates with synaptic KARs. Moreover, loss of Neto1, but not of Neto2, greatly reduces the abundance of hippocampal postsynaptic KARs, leading to diminished MF-CA3 KAR-mediated EPSCs with altered kinetics. Together, our results establish Neto1 as a KARassociated protein that critically regulates both postsynaptic density (PSD) abundance and channel properties of native KARs.
Materials and Methods
Mice. Mice of four different genotypes (wild-type, Neto1-null, Neto2-null, and Neto1/Neto2-null) were used in this study and were maintained in the Toronto Center for Phenogenomics. Generation of Neto1-null mice was described previously (Ng et al., 2009 ). To generate Neto2-null mice, exons 3 through 6 from Neto2 were deleted by homologous recombination, thus creating an in-frame stop mutation (see Fig. 2 ). Mouse R1 embryonic stem (ES) cells were electroporated, and positive clones were identified by Southern blotting, expanded, and injected into C57BL/6J blastocysts to generate chimeric mice. Transmitting male chimeras were crossed with C57BL/6J female mice to identify germline-transmitting chimeras. Heterozygous pups were then intercrossed to obtain wild-type, heterozygous, and homozygous mutant mice in a mixed genetic background. Neto1/Neto2-null mice were generated by intercrossing Neto1-null and Neto2-null mice.
Antibodies. Rabbit antibodies to Neto2 were raised by injecting rabbits with a GST-Neto2 fusion protein encoding the last 75 aa of Neto2. Affinity-purified antibodies were isolated from antisera by using MBPNeto2 fusion protein coupled to activated CNBr-Sepharose columns. The generation of guinea pig anti-Neto1 antibodies has been described previously (Chow et al., 2004) . The following commercial antibodies were used: rabbit polyclonal antibodies to GluK2 (Abcam), GluK5, GluA2/3 (Millipore), GluN2B (Novus Biologicals), and actin (Abcam); mouse monoclonal antibodies to GluN1 (BD Biosciences), VAMP2 (Synaptic Systems), NeuN (Millipore), and hemagglutinin (HA) (Covance); and goat polyclonal antibodies to Neto2 (R&D Systems).
Mammalian expression constructs. Full-length Neto1 cDNA (encoding amino acids 1-533), full-length Neto2 cDNA (encoding amino acids 1-525), and deletion mutants Neto1-⌬CUB1-HA, Neto1-⌬CUB2-HA, Neto1-⌬CUB1 ϩ 2-HA, Neto1-⌬cyto-HA, Neto2-⌬CUB1-HA, Neto2-⌬CUB2-HA, Neto2-⌬LDLa-HA, and Neto2-⌬cyto-HA were generated by PCR and subcloned into a variant of pcDNA3.1mycHisA(ϩ) (Invitrogen) containing two copies of the influenza HA epitope tag, and sequence verified. FLAG-GluK2 was a kind gift from Dr. Katherine Roche (National Institutes of Health).
Cell culture and transfection. For coimmunoprecipitation experiments, HEK293 cells were transfected with FuGene HD (Roche) at 70% confluency. Forty-eight hours after transfection, cells were washed once with ice-cold 1ϫ PBS and lysed in RIPA buffer [50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 0.5% deoxycholate (DOC), and protease inhibitors]. Lysed cells were incubated on ice for 30 min and were centrifuged at 13,000 ϫ g for 15 min at 4°C.
Coimmunoprecipitation. Cell lysates (ϳ1.0 mg of protein) were incubated with antibodies for 2 h at 4°C on a rotating platform. Lysates were subsequently incubated with 20 l GammaBind IgG beads (GE Healthcare) for 1 h at 4°C on a rotating platform. After incubation, beads were washed twice with RIPA buffer, twice with RIPA buffer minus SDS and DOC, and once with TBS-T (100 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20). Bound proteins were eluted with SDS sample buffer and subjected to SDS-PAGE and immunoblotting. For immunoprecipitation from crude synaptosomal fractions, prepared as previously described (Gingrich et al., 2004) , 1 mg of synaptosomal protein was incubated with antibodies or normal rabbit IgGs overnight with rotation at 4°C, and subsequently incubated with 30 l of GammaBind IgG beads for 2 h with rotation at 4°C. Beads were washed twice with RIPA buffer, twice with RIPA minus SDS and DOC, and once with TBS-T. Bound proteins were eluted with SDS sample buffer, and subjected to SDS-PAGE and immunoblotting.
Crude synaptosomes and PSD isolation. Crude synaptosomes were prepared as previously described (Gingrich et al., 2004 ) from wildtype, Neto1-null, or Neto2-null mouse brains. The PSD fraction was prepared from pooled hippocampi as described previously (Cho et al., 1992) , except that PSDs were extracted only once with 1% Triton X-100.
Immunohistochemistry. Immunostaining was adapted from Schneider Gasser et al. (2006) . Briefly, fresh 250 m vibratome-cut hippocampal slices, trimmed from sagittal brain slices, were fixed in 2% PFA/PBS on ice for 10 min, washed three times in PBS, and incubated "free floating" in blocking solution (10% goat serum, 0.1% Triton-X in PBS) for 1 h at room temperature. Primary antibodies in blocking solution were incubated with slices for 24 h under gentle agitation at 4°C. Slices were washed three times in PBS, and incubated with appropriate secondary antibodies for 24 h under gentle agitation at 4°C. Following incubation, slices were washed three times with PBS, transferred, and mounted on to glass slides with Immuno-Mount (Thermo Scientific). Images were acquired using a Zeiss LSM 510 confocal microscope.
Hippocampal slice preparation. Slices were prepared as previously described (Pelkey et al., 2005) using P15-P22 wild-type, Neto1-null, Neto2-null, or Neto1/Neto2-null mice, as indicated. Briefly, animals were anesthetized with isoflurane and decapitated, allowing removal of the brain into ice-cold saline solution (130 mM NaCl, 24 mM NaHCO 3 , 3.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , 4.5 mM MgCl 2 , and 10 mM glucose, saturated with 95% O 2 and 5% CO 2 , pH 7.4). After dissection of the brain, individual hemispheres were transferred to the stage of a VT-1000S vibratome (Leica Microsystems) and sectioned to yield transverse hippocampal slices (300 m), which were incubated in the above solution at 35°C for at least a 30 min recovery period until use. All animal procedures conformed to the National Institutes of Health animal welfare guidelines.
Whole-cell recordings. All recordings were interleaved with the experimenter blind to mouse genotype. Individual slices were transferred to a recording chamber and perfused (2-3 ml/min) with extracellular solution (130 mM NaCl, 24 mM NaHCO 3 , 3.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2.5 mM CaCl 2 , 1.5 mM MgCl 2 , 10 mM glucose, 0.005-0.010 mM bicuculline methiodide saturated with 95% O 2 and 5% CO 2 , pH 7.4, 32-35°C). Whole-cell patch-clamp recordings using a multiclamp 700A amplifier (Molecular Devices) in voltage-clamp mode [holding potential (V h ) ϭ Ϫ70 or ϩ40 mV, as indicated] were made from individual CA3 pyramidal neurons, and were visually identified with infrared video microscopy and differential interference contrast optics. Recording electrodes (4 -5 M⍀) pulled from borosilicate glass (World Precision Instruments) were filled with intracellular solution composed of the following: 95 mM Csgluconate, 5 mM CsCl, 0.6 mM EGTA, 5 mM MgCl 2 , 4 mM NaCl, 2 mM Na 2 ATP, 0.3 mM NaGTP, 40 mM HEPES, 10 mM BAPTA, 1 mM QX-314, pH 7.2-7.3, and 290 -300 mOsm. Uncompensated series resistance (8 -15 M⍀) was rigorously monitored by the delivery of small voltage steps at regular intervals, and recordings were discontinued following changes of Ͼ10%. Synaptic responses (paired pulses or trains of four pulses, both at 20 Hz) were evoked at 0.1 Hz (for train recordings) or 0.2 Hz (for paired-pulse recordings) by low-intensity microstimulation (100 s duration; 10 -30 A intensity) via a constant-current isolation unit (A360, World Precision Instruments) connected to a patch electrode filled with oxygenated extracellular solution in either the dentate gyrus or stratum lucidum for MF inputs, or in the stratum radiatum for associational/commissural (A/C) inputs. The mossy fiber origin of EPSCs was confirmed by a rapidly rising AMPA receptor-mediated component showing strong short-term frequency facilitation and in train protocols by a residual KAR-mediated component upon AMPA receptor antagonism at a V h of Ϫ70 mV. For MF train recordings, initially dualcomponent KA/AMPAR-mediated synaptic responses were monitored at V h ϭ Ϫ70 mV, following which the KAR-mediated component was pharmacologically isolated by applying the AMPA receptor-specific antagonist 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methylenedioxy-5H-2,3-benzodiazepine (GYKI 53655) (50 M, Tocris Bioscience). The GYKI-resistant component at V h ϭ Ϫ70 mV was confirmed to be KAR-mediated by subsequent application of DNQX (25 M, Tocris Bioscience) in the continued presence of GYKI 53655 and the holding potential was moved to ϩ40 mV to obtain the NMDA receptor-mediated component of EPSCs followed by application of the NMDA receptor antagonist DL-APV (100 M, Tocris Bioscience) in the continued presence of GYKI 53655 and DNQX. For paired-pulse experiments examining just AMPA and NMDA components at MF or A/C inputs, EPSCs were first obtained and monitored at V h ϭ Ϫ70 mV, then the NMDA component was monitored at V h ϭ ϩ40 mV in the presence of DNQX and confirmed by subsequent application of DL-APV.
Data analysis. To measure AMPAR-and KAR-mediated EPSCs, averaged traces (10 -20 individual sweeps) obtained in GYKI 53655 with DNQX at V h ϭ Ϫ70 mV were digitally subtracted from averaged traces obtained at the end of the control and GYKI 53655-alone conditions, respectively. Similarly, for NMDARmediated EPSC analysis, averaged traces obtained in DL-APV at V h ϭ ϩ40 mV were digitally subtracted from those obtained in GYKI 53655/DNQX at V h ϭ ϩ40 mV. For each recording, EPSC amplitudes were measured during a 1-2 ms window around the peak of the waveform of the averaged traces for each condition. KAR-mediated and NMDARmediated EPSC amplitudes were measured for the fourth pulse of the trains and normalized to the amplitude of the corresponding AMPARmediated EPSC to eliminate slice-to-slice and animal-to-animal variability in the number of fibers recruited by extracellular stimulation. Short-term frequency facilitation was assessed using the AMPAR or NMDAR-mediated EPSCs by determining the ratio of the amplitude of the fourth to the first EPSC in the train (P4/ P1). In paired-pulse recordings examining just AMPA and NMDA components of MF and A/C inputs, the amplitudes of the first EPSCs were used to characterize NMDA/AMPA ratios, and paired-pulse ratios were determined by the ratios of the amplitudes of the second peak to the first peak (P2/P1). Data are presented as means Ϯ SEMs, unless otherwise indicated. Statistical significance was assessed using parametric (paired or unpaired t tests) or nonparametric (Mann-Whitney U test) tests, as appropriate.
Results

Neto1 and Neto2 interact with native KARs in the postsynaptic density
Both Neto1 and Neto2 have been shown to enhance glutamateevoked currents of recombinant GluK2 homomeric KARs in heterologous cells (Zhang et al., 2009 ). Neto2 was also found to be a KAR-interacting protein in cerebellar lysates (Zhang et al., 2009) . Given the sequence and structural similarity between Neto1 and Neto2, we asked whether Neto1 might also associate with KARs in vivo. Using whole-brain synaptosomal preparations, we found that anti-Neto1 antibodies coimmunoprecipitated the GluN1 subunit of the NMDARs (Fig. 1 D) as we reported previously (Ng et al., 2009 ). We also demonstrated that anti-Neto1 antibodies coimmunoprecipitated the GluK2 and GluK5 subunits of KARs ( Fig. 1 A) in wild-type but not in Neto1-null mice. In contrast, we did not detect a coimmunoprecipitation of Neto1 and the AMPA receptor subunits GluA2/3 (Fig. 1 A) . To examine the roles of Neto2 in the brain, we generated Neto2-null mice (Fig. 2) . The brains of these animals were normal in overall appearance, with no gross morphological abnormalities. We found that anti-Neto2 antibodies coimmunoprecipitated the GluK2 KAR subunit from wild-type but not Neto2-null mice (Fig. 1 B) . Reciprocally, the anti-GluK2 and anti-GluK5 antibodies coimmunoprecipitated both Neto1 and Neto2 from wild-type synaptosomes (Fig. 1C, lanes 2 and 3) . Together, these results show, first, that Neto1 is unique among glutamate receptor-associated transmembrane proteins in that it can associate in vivo with two types of glutamate receptors (the NMDARs and the KARs), and second, that Neto1 and Neto2 are both bona fide interacting proteins of native KARs.
The PSD is an electron-dense structure in dendrites, where proteins directly involved in the regulation of synaptic function are organized and concentrated. Given that Neto1, Neto2, and KARs are all present at the PSD (Ng et al., 2009; Zhang et al., 2009) , we next asked whether Neto1 and Neto2 were components of the PSD KAR protein complex. Both anti-Neto1 and anti Neto2 antibodies coimmunoprecipitated the GluK2 and GluK5 subunits of KARs, but did not coimmunoprecipitate the AMPA receptor subunits GluA2/3 from whole-brain PSD fractions (Fig.  1 E, F ) . Collectively, these findings indicate that both Neto1 and Neto2 associate with KARs but not with the AMPA-type glutamate receptors in the PSD.
Neto1 and Neto2 associate with GluK2 KARs predominantly through the second CUB domain Both Neto1 and Neto2, have two extracellular CUB domains, a low-density lipoprotein receptor domain class A (LDLa) domain, a transmembrane domain, and a cytoplasmic domain. To define the region of Neto1 and Neto2 that mediates their interactions with KARs, we examined the binding of the GluK2-containing KARs to a series of Neto1 and Neto2 deletion proteins in HEK293 cells. Neto1 and Neto2 variants lacking the entire cytoplasmic domain were still able to coimmunoprecipitate with GluK2 ( Fig.  3 B, D) , suggesting that this domain is not critical for binding to KARs. Removal of the first CUB domain also failed to abolish Neto1:GluK2 or Neto2:GluK2 interactions (Fig. 3A, lane 3 , C, lane 5), whereas deletion of the second CUB domain of Neto1 or Neto2 significantly reduced the amount of GluK2 that was coimmunoprecipitated, relative to the full-length Neto proteins (33 Ϯ 10% of full-length Neto2, p Ͻ 0.01; 39 Ϯ 6% of full-length Neto1, p Ͻ 0.01; mean Ϯ SEM) (Fig. 3A, lane 4, C, lane 3) . Furthermore, no interaction with GluK2 was observed when both extracellular CUB domains of Neto1 were deleted (Fig. 3A, lane 5) . Zhang et al. (2009) previously reported that the LDLa domain of Neto2 was necessary for modulating the channel activity of GluK2-KARs based on the observation that a mutant Neto2, in which two cysteine residues in the LDLa domain were changed to serines, failed to enhance glutamate-evoked KAR currents. To test whether the LDLa domain of Neto2 is required for binding to GluK2, we generated a Neto2 construct lacking the LDLa sequence. We found that the absence of the LDLa domain did not diminish the interaction between Neto2 and GluK2 (Fig. 3C, lane  4) , indicating that while the LDLa domain of Neto2 may be required for modulation of GluK2 channel function, it is not necessary for Neto2 to interact with GluK2 homomeric receptors.
Together, our results demonstrate that Neto1 and Neto2 bind to KARs through their extracellular CUB domains, and that this interaction is mediated primarily by the second CUB domain of each Neto protein.
Reduced synaptic KAR currents in Neto1-null, but not Neto2-null mice Having established that both Neto1 and Neto2 are interacting proteins for KARs at PSDs, we next examined whether Neto1 or Neto2 regulates native KAR function. Based on the strong expression of Neto1 and Neto2 in the CA3 region of the hippocampus (Michishita et al., 2003 (Michishita et al., , 2004 Ng et al., 2009 ) and the well characterized contribution of postsynaptic KARs to MF-CA3 synapses (Castillo et al., 1997; Vignes and Collingridge, 1997; Mulle et al., 1998; Marchal and Mulle, 2004) , we examined KARmediated EPSCs at MF-CA3 connections in acute hippocampal slices from wild-type and Neto knock-out mice. Consistent with previous in situ localization data (Michishita et al., 2003 (Michishita et al., , 2004 Ng et al., 2009 ) (Allen Brain Atlas, http://www.brain-map.org/) and a potential role in regulating MF-CA3 synapses, we observed intense Neto1 and Neto2 immunostaining within the stratum lucidum layer of wild-type mice (Fig. 4A) . This result suggests a postsynaptic localization of these two proteins to proximal dendrites of CA3 pyramidal neurons and/or a presynaptic localization to the terminals of mossy fiber axons. However, given the enrichment of Neto1 and Neto2 in PSDs (Ng et al., 2009; Zhang et al., 2009 ) and their much stronger in situ profile in CA3 pyramidal cells over DG granule neurons (Michishita et al., 2003 (Michishita et al., , 2004 Ng et al., 2009) , it is likely that the signal we observed for Neto1 and Neto2 in the stratum lucidum is predominantly postsynaptic.
To reliably evoke KAR-mediated events in CA3 pyramidal neurons, we used brief trains (four pulses at 20 Hz) of MF stimulation and measured the amplitudes of EPSCs associated with the fourth pulse (Castillo et al., 1997; Vignes and Collingridge, 1997; Marchal and Mulle, 2004) . We initially obtained an MF , and Neto2-null mice usinganti-Neto2antibodiesraisedtotheC-terminal70aaofNeto2.Thetoparrowheadindicatesthespecific Neto2-immunoreactiveband.
input by monitoring the combined AMPAR-and KAR-mediated EPSC while holding the postsynaptic pyramidal cell at V h ϭ Ϫ70 mV, then applied GYKI 53655 (50 M) to pharmacologically isolate KAR-mediated events (Fig. 4 B) . This approach allowed us to control for slice-to-slice variability in MF recruitment by normalizing the KAR-mediated response to that of the initially observed AMPAR-dominated EPSC in the same recording before GYKI 53655 treatment. In mice lacking Neto1, we observed a severe deficit in KAR-mediated EPSCs compared with interleaved recordings from age-matched wild-type mice: KA/ AMPA EPSC amplitude ratios for wild-type and Neto1-null mice were 0.065 Ϯ 0.006 and 0.040 Ϯ 0.005, respectively (mean Ϯ SD, p Ͻ 0.01) (Fig. 4C) . Moreover, KAR-mediated EPSCs in Neto1-null mice displayed significantly faster decay kinetics compared with wild-type mice (20 Ϯ 1.8 and 50 Ϯ 4.9 ms, respectively, for Neto1-null and wild-type mice; mean Ϯ SD, p Ͻ 0.001) (Fig. 4 D) , consistent with observations in heterologous expression systems where association with Neto2 has been shown to prolong the decay time constant of recombinant KARs (Zhang et al., 2009) . Surprisingly, despite the ability of Neto2 to regulate recombinant KARs and its expression in the CA3 stratum lucidum (Fig. 4 A) , we found KAR-mediated transmission at MF-CA3 synapses in Neto2-null mice to be indistinguishable from that of wild-type mice (Fig. 4 B-D) , indicating that Neto2 is not required for normal KAR-mediated transmission at these synapses. Indeed, the combined loss of both Neto proteins in Neto1/ Neto2-double-null mice did not further exacerbate the phenotype observed in the Neto1-null mice (Fig. 4 B-D) .
Previously, we reported that Neto1-null mice display a preferential reduction of synaptic GluN2A subunits and impaired NMDAR-mediated EPSCs at Schaffer collateral CA1 synapses (Ng et al., 2009 ). To determine whether MF-CA3 synapses exhibit a similar deficit in NMDAR-mediated transmission, we also probed NMDARmediated events at the end of every recording by blocking AMPARs and KARs, then moving V h ϭ ϩ40 mV (Fig. 4B) . Surprisingly, all mice examined yielded similar NMDA/AMPA ratios (Fig. 4C) . The comparable NMDA/AMPA ratios observed across all mice confirm that the altered KA/ AMPA EPSC ratios observed in Neto1-null, and Neto1/Neto2-double-null mice, result from impaired KAR-mediated transmission rather than enhanced AMPAR function. However, the lack of effect on MF-CA3 NMDA/AMPA ratio was unexpected and prompted us to investigate whether loss of Neto1 affects NMDAR-mediated EPSCs at A/C CA3 synapses, which more closely resemble Schaffer collateral-CA1 pyramidal cell synapses. Consistent with our prior observations in CA1 (Ng et al., 2009) , A/C-CA3 pyramidal cell synapses exhibited reduced NMDA/AMPA EPSC ratios in Neto1-null neurons (Fig. 5A,B) . Importantly, in additional interleaved control MF-CA3 recordings we again failed to observe any effect of Neto1 on NMDA/AMPA ratios (Fig. 5A,B) , confirming that Neto1 regulation of postsynaptic receptor function is synapse specific.
Finally, we additionally assessed short-term frequency facilitation at MF-CA3 synapses by determining the ratio of the last to first AMPAR-mediated EPSCs and found that it was not significantly different across all animals, suggesting normal presynaptic function in all Neto-null mice (Figs. 4 E, 5C ). This result is surprising given the extensive literature describing presynaptic KAR-mediated regulation of glutamate release at MF-CA3 pyra- midal cell synapses (Contractor et al., 2000 (Contractor et al., , 2001 Lauri et al., 2001; Schmitz et al., 2001 ). However, when we examined shortterm frequency facilitation using the NMDA component of transmission, we found that there was no difference with that observed using the AMPAR-mediated events (Figs. 4 E, 5C ). Given that AMPAR-mediated EPSCs were recorded with KAR transmission intact while NMDAR-mediated events were recorded with KARs blocked, the results indicate that presynaptic KARs did not participate in regulating transmission under our experimental conditions (Kwon and Castillo, 2008a) . Indeed, presynaptic KAR-mediated regulation of MF-CA3 transmission during paired or four-pulse protocols likely requires shorter interpulse intervals (Contractor et al., 2001; Marchal and Mulle, 2004) . Altogether, our findings indicate that the reduced KA/ AMPA EPSC ratios we observed in Neto1-null and Neto1/Neto2-double-null mice reflect a selective deficit in postsynaptic KAR activation due to the absence of Neto1. isolated by applying the AMPAR-specific antagonist GYKI 53655. The GYKI-resistant component at V h ϭ Ϫ70 mV was confirmed to be KAR mediated by subsequent application of DNQX in the continued presence of GYKI 53655. The holding potential is then moved to ϩ40 mV to obtain the NMDAR-mediated component of EPSCs (top trace). Insets for the Neto1-null and Neto2-null sets of traces display the fourth KAR-mediated event at higher gain. C-E, Histograms summarizing group data for EPSC KA /EPSC AMPA , and EPSC NMDA /EPSC AMPA ratios (C), mean EPSC KA decay time constants (D), and ratios of fourth and first AMPAR-or NMDAR-mediated EPSCs (P4/P1) (E), for wild-type (n ϭ 10), Neto1-null (n ϭ 14), Neto2-null (n ϭ 12), and Neto1/Neto2-double-null (n ϭ 12) neurons. **p Ͻ 0.01. , and ratios of second to first AMPAR or NMDAR-mediated EPSCs (P2/P1) for wild-type or Neto1-null mice at MF-CA3 synapses (C)(n ϭ 9 and 6 for MF-CA3 synapses in wild-type and Neto1-null mice respectively; n ϭ 12 and 12 for A/C-CA3 synapses in wild-type and Neto1-null mice, respectively).
Neto1, but not Neto2, is required for the synaptic abundance of KARs
The reduction in KAR-mediated EPSCs at hippocampal MF-CA3 synapses in Neto1-null mice suggests that the loss of Neto1 leads to a decrease in the number and/or the function of synaptic KARs. To determine whether the absence of Neto1 was associated with any change in the abundance of synaptic KARs, we prepared hippocampal PSDs from Neto1-null and Neto1/Neto2-doublenull mice. We found an ϳ40 -50% decrease in the levels of GluK2 and GluK5 KAR subunits at PSDs in both Neto1-null (47 Ϯ 9% and 57 Ϯ 7% of wild-type mice, respectively, for GluK2 and GluK5; mean Ϯ SD, p Ͻ 0.001), and Neto1/Neto2-double-null mice (42 Ϯ 5% and 50 Ϯ 15% of wild-type mice, respectively, for GluK2 and GluK5; mean Ϯ SD, p Ͻ 0.001), compared with wildtype mice (Fig. 6 A, C) . The abundance of other synaptic proteins, such as GluN1, GluN2B, and GluA2/3, was comparable in PSDs from Neto1-null and wild-type mice and Neto1/Neto2-double-null and wildtype mice (Fig. 6A,C) . On the other hand, the abundance of all synaptic proteins examined, including Neto1, was not significantly different between Neto2-null and wild-type mice (Fig. 6B) . These results are consistent with the observed reduction of KAR-mediated synaptic transmission in the Neto1-null and in the Neto1/Neto2-null mice, and with the normal synaptic function of KARs in the Neto2-null mice. We, therefore, conclude that Neto1, but not Neto2, serves as a critical regulatory element of native, postsynaptic KAR complexes at hippocampal PSDs.
Discussion
In this report, we investigated the role of Neto1 as a regulatory protein of KARs in vivo. We established that in the brain Neto1 is a critical auxiliary subunit of the KAR protein complex. We discovered that although both Neto1 and Neto2 are associated with KARs in synaptosomal and PSD fractions, and that both Neto proteins interacted with GluK2-containing KARs through their extracellular CUB domains, only the loss of Neto1 reduced the abundance of KAR subunits at hippocampal PSDs. Consistent with this finding, we identified a substantial (ϳ50%) reduction in KAR-mediated EPSCs at hippocampal MF-CA3 synapses in Neto1-null mice. Moreover, KAR-mediated EPSCs in mice lacking Neto1 displayed significantly faster decay kinetics compared with wild-type mice. Collectively, these findings indicate that Neto1 plays a crucial role in regulating postsynaptic KARs at MF-CA3 synapses.
KARs are tetrameric glutamate receptors that can be found either as functional homomeric GluK1, GluK2, or GluK3 receptors, each with unique physiology and pharmacology (Hollmann and Heinemann, 1994; Schiffer et al., 1997; Dingledine et al., 1999) , or as heteromeric receptors from the combination of GluK4 -5 with GluK1-3 (Werner et al., 1991; Herb et al., 1992) . A number of proteins have been recently implicated in the cellular trafficking, synaptic localization, and modulation of the channel properties of KARs (Garcia et al., 1998; Mehta et al., 2001; Coussen et al., 2002; Bowie et al., 2003; Hirbec et al., 2003; Coussen et al., 2005; Laezza et al., 2007; Zhang et al., 2009 ). Among these KAR-interacting proteins, Neto2 has been shown to prolong the decay kinetics of recombinant, homomeric GluK2 KARs (Zhang et al., 2009) . It is not known, however, whether Neto2 or its homolog Neto1 have a similar effect on heteromeric kainate receptors such as GluK2/ GluK5, which have different biophysical properties from the homomeric ion channels (Herb et al., 1992) . At mossy fiber syn- apses, we have observed a reduction in the decay time constant for native KARs in the absence of Neto1. This result suggests that Neto1 may be regulating the decay kinetics of synaptic KARs, in a way similar to the role of Neto2 on the recombinant GluK2 receptors. On the other hand, recent studies have shown that the GluK5 subunit confers the slower decay kinetics of KARs at mossy fiber synapses (Contractor et al., 2003) , and of GluK2/ GluK5 heteromers in heterologous cells (Barberis et al., 2008) . Therefore, given the role of Neto1 in regulating the abundance of kainate receptor subunits in the PSD, it is also possible that the faster kinetics of the KARs in the Neto1-null neurons are due at least in part to a loss of synaptic GluK5-containing KARs.
The role of Neto1 in regulating KARs may be akin to the function of the transmembrane AMPA receptor regulatory proteins (TARPs), which modulate the synaptic localization and the channel properties of AMPA receptors (Tomita, 2010) . Interestingly, despite the fact that the CUB domain protein SOL-1 regulates the GLR-1 AMPA receptors in the invertebrate Caenorhabditis elegans (Zheng et al., 2004 (Zheng et al., , 2006 , neither Neto1 nor Neto2 interacts with vertebrate AMPA receptors. Conversely, TARPs are not associated with KARs or NMDARs (Chen et al., 2000; Zhang et al., 2009 ). These differences between vertebrate and invertebrate AMPA receptor accessory proteins suggest that different mechanisms may have evolved for regulating the function of this ion channel, or that there are yet to be identified CUB domain-containing proteins that regulate the vertebrate AMPA receptors.
We previously identified Neto1 as an NMDAR-associated protein (Ng et al., 2009 ). Neto1-null mice displayed a preferential reduction of synaptic GluN2A subunits and impaired NMDARmediated EPSCs at Schaffer collateral-CA1 synapses. Moreover, at these synapses where long-term potentiation (LTP) is NMDAR dependent, loss of Neto1 reduced the magnitude of the potentiation to ϳ50% of wild-type mice. NMDAR-dependent learning and memory, as measured by Morris water maze tests, was also disrupted in Neto1-null mice. These results indicated that Neto1 is an important subunit of the NMDAR complex required for NMDAR-mediated synaptic plasticity and learning. In the present study, we found that loss of Neto1 led to a significant reduction of NMDAR-mediated EPSCs at A/C collateral synapses of the CA3, a result that is consistent with our previous observations. At MF-CA3 synapses, however, we found that KARmediated, but not NMDAR-mediated, synaptic currents were altered in Neto1-null neurons. These results suggest that the accessory proteins required for functional regulation of a particular glutamate receptor may differ among synapses, even within a single type of neuron.
The differential Neto1 effect on NMDARs at A/C versus MF synapses is reflective of the known structural and functional differences between these two synapses (Zalutsky and Nicoll, 1990; Williams and Johnston, 1991; Ishizuka et al., 1995; Salin et al., 1996) . For example, LTP induction at A/C-CA3 synapses, as well as at Schaffer collateral-CA1 and perforant path synapses in the DG, is dependent on NMDAR activation that results in a postsynaptic enhancement of AMPAR neurotransmission (Bliss and Collingridge, 1993) . MF-CA3 synapses, on the other hand, express lower levels of NMDARs (Watanabe et al., 1998) and display a presynaptic, NMDAR-independent form of LTP (Nicoll and Schmitz, 2005) . Furthermore, MF-CA3 synapses, but not A/C-CA3 synapses, selectively express a depolarization-induced form of LTD that is dependent on postsynaptic Ca 2ϩ elevation (Lei et al., 2003) , as well as a type of LTP characterized by a long-lasting increase in NMDAR-mediated transmission (Kwon and Castillo, 2008b; Rebola et al., 2008) .
Differences in the functional properties of MF versus A/C-CA3 synapses are likely a result of the differential trafficking and stabilization of proteins at these two synapses. For instance, AMPARs display an even distribution among all MF synapses, but are absent in a large number of A/C and CA1 synapses (Nusser et al., 1998) where they can be incorporated into the postsynaptic membrane during the expression of LTP (Shi et al., 2001; Kakegawa et al., 2004) . In addition, postsynaptic KARs also show synapse-specific targeting within a single neuron as KAR-mediated EPSCs have only been observed at MF, but not at AC-CA3 synapses (Castillo et al., 1997; Vignes and Collingridge, 1997) . While a number of molecular and functional differences have been described for the MF-CA3 and the A/C-CA3 synapses, similar characteristics have been observed between the A/C-CA3 synapses and those of CA3 terminals onto CA1 neurons. Hence, our findings of the differential dependence of NMDAR EPSCs on Neto1 at MF-CA3 versus A/C-CA3 are consistent with the general characteristics of these synapses. It will be interesting, for future studies, to explore whether this differential Neto1 effect on NMDARs results from KARs titrating Neto1 away from the NMDARs in synapses where both ion channels are expressed. Altogether, our results show that Neto1 can be an auxiliary protein for either the NMDA or the kainate class of glutamate receptors, depending on the synapse or the brain region. Thus, our findings suggest the concept that a specific auxiliary protein, namely Neto1, may regulate more than one type of ligand-gated ion channel.
Other CUB domain-containing proteins that associate with ligand-gated ion channels are the C. elegans proteins SOL-1 (Zheng et al., 2004 (Zheng et al., , 2006 and LEV-10 (Gally et al., 2004) , which are part of the GLR-1 AMPA receptors and the acetylcholine receptors, respectively. SOL-1 modulates the gating of GLR-1 ionotropic receptors, whereas LEV-10 controls the synaptic localization of the acetylcholine receptors. In vertebrates, we have shown that Neto1 is an NMDAR-interacting protein that regulates the synaptic abundance of the GluN2A subunit (Ng et al., 2009) , and here we report the in vivo association of both Neto1 and Neto2 with the kainate class of glutamate receptors. Collectively, our findings support the hypothesis that there is an evolutionarily conserved role for CUB domain proteins as regulatory subunits of ion channels (Ng et al., 2009) , and suggest that additional CUB domain proteins may be important accessory proteins for other ligand-gated ion channels.
A previous study has proposed that Neto2 acts as a KAR auxiliary subunit that modulates the kinetics of recombinant KARs in heterologous cells and KARs in cultured cerebellar granule neurons (Zhang et al., 2009 ). Our present results show, however, that at hippocampal MF-CA3 synapses, loss of Neto2 does not affect KAR-mediated EPSCs or decay kinetics, even though Neto2 is expressed in stratum lucidum in wild-type animals. One possible explanation for this apparent discrepancy may be differences in the properties of recombinant GluK2 homomeric receptors used in the previous study (Zhang et al., 2009 ) versus the native KARs examined in our work. Another significant difference between our findings and those of Zhang et al. (2009) is the context in which the effect of Neto2 on KARs was investigated. In our study, we examined the impact of the loss of Neto2 on KARs in vivo rather than the effect of Neto2 overexpression on recombinant GluK2-KARs in heterologous cells or cultured neurons. Both Neto1 and Neto2 are expressed in the stratum lucidum layer where mossy fibers synapse with CA3 pyramidal cells, so a third possible explanation for the normal KAR function in the Neto2-null mice could be the predominant role of Neto1 on KAR regu-lation in cells where both proteins are expressed. Future studies should, therefore, investigate whether lack of Neto2 affects KARs in brain regions where Neto2, but not Neto1, and KARs are highly expressed (Petralia et al., 1994; Michishita et al., 2004) .
In summary, we have discovered that Neto1 is a key component of KAR protein complexes. At MF-CA3 synapses, KAR synaptic transmission is decreased in Neto1-null mice, likely as a result of the reduction of KAR protein levels at the PSD. In addition, in mice lacking Neto1, we observed a faster decay of KARmediated EPSCs. Altogether, our findings indicate that Neto1 is a critical auxiliary subunit of native, synaptic KARs.
